Although the synthesis of DNA1 by an enzyme purified from Escherichia coli requires four deoxynucleoside triphosphates (dAPPP, dCPPP, dGPPP, TPPP) Kay, Simmons, and Dounce.8 Preparation of DNA products.-Four products were prepared from dAP32PP, dCP32PP, TP32PP, or Cl4dCPPP, essentially as described previously,2 except that the concentration of DNA was raised 25-fold in order to obtain greater amounts of incorporation. The reaction mixtures contained (per ml.) 6.0 mjumoles of a deoxynucleoside triphosphate; 6.7 ,umoles of magnesium chloride; 67 ,umoles of potassium phosphate buffer at pH 7.5; 800 jig. of calf thymus DNA; and 20 ,ug. of Fraction VII enzyme. The volume of these reaction mixtures ranged from 18 to 36 ml. Incubations were carried out at 370 for 2.5 hours (for dAP32PP, dCP32PP, and TP32PP) or for 1 hour (for C'4dCPPP).
The reactions were stopped and the products freed of unreacted deoxynucleoside triphosphate in one of two ways: (1) acidification with an equal volume of cold 1 N perchloric acid, then alternate solubilization of the precipitated product in 0.1 N NaOH and precipitation in 0.5 N perchloric acid (when enzyme had been omitted, no radioactivity could be detected in this repeatedly precipitated product); (2) addition of sodium chloride to a final concentration of 0.2 M and heating at 700 for 10 minutes,3 then repeated dialysis against 0.2 M sodium chloride. The radioactivity in this dialyzed product was then entirely precipitable by perchloric acid.
RESULTS
Extent and Kinetics of Reaction.-In the four DNA products prepared, the incorporation of dAP32, dCP32, TP32, and C14dCP was 0.25, 0.13, 0.32, and 0.34 mInmoles, respectively, per milliliter of reaction mixture. For an assumed molecular weight of 5 X 101 for thymus DNA, these amounts correspond to an incorporation of 0.5 to 1 mole of deoxynucleotide per mole of DNA. Several factors add uncertainty to this approximation: the polydispersity of DNA, lack of information about the size and number of competent DNA molecules, and the hydrolysis of DNA to smaller molecules during the incubation. In these experiments the product used was from a reaction with TP32PP as the only deoxynucleoside triphosphate. The sedimentation coefficients were measured at a relatively high concentration (optical density at 260 mys = 7.0) in order to achieve significant measurements of radioactivity. When the same product was run at a tenfold dilution, the sedimentation coefficient was 21 S.
t In experiment 3 the product had been heated at 1000 for 10 the average DNA molecule, a product was examined in a fixed partition separation cell9 in the ultracentrifuge. Centrifugation was stopped after about half of the DNA had sedimented out of the top compartment of the separation cell, as determined by the schlieren optical system. Then the fractions of the optical density and radioactivity remaining in the upper compartment of the cell were measured, and sedimentation coefficients were calculated from these data and from the schlieren boundaries. 10 As shown in Table 1 , the sedimentation coefficients determined from the three measurements agree. Even after the products had been heated at 1000 for 10 minutes, to try to break down the structure of the macromolecules," the radioactivity still sedimented at the same rate as the DNA. These data suggest that the radioactive deoxynucleotide had formed covalent linkages, rather than much weaker secondary bonds, to molecules of the same average size as DNA. Table 2 ). This result shows that the single deoxynucleoside triphosphates had formed 3',5'-phosphodiester linkages (Fig. 1) to each of the four deoxynucleotides of thymus DNA.
When a product prepared from C'4dCPPP as the only deoxynucleoside triphosphate was hydrolyzed to 3'-deoxynucleotides, two-thirds of the recovered radioactivity appeared in deoxycytidine and one-third in 3'-deoxycytidylate (experiment 4, Table 2 ). Since deoxynucleosides formed in this hydrolysis could arise only from terminal deoxynucleotides of DNA (Fig. 1) , two-thirds of the C'4dCPPP must have been located at the deoxynucleoside ends of DNA chains. The remaining one-third probably had also reacted with ends of chains but was In these experiments a reaction has been observed in which a DNA molecule (containing about 20,000 deoxynucleotides) adds at its deoxynucleoside end one or a very few molecules of a single deoxynucleoside triphosphate to form a 3',5'-phosphodiester bond (Fig. 1) .
Several alternative mechanisms appear to have been eliminated. 1 . A non-covalent binding of the deoxynucleoside triphosphate to the DNA is excluded by the demonstrated phosphodiester linkage between the incorporated deoxynucleotide and the three other deoxynucleotides of DNA.
2. Pyrophosphorolysis of the added DNA to supply the missing three deoxynucleoside triphosphates, followed by de novo synthesis of DNA chains, seemed from the start an unlikely hypothesis for explaining the reaction between DNA and a single deoxynucleoside triphosphate, because levels of inorganic pyrophosphate 100 times greater than those formed in the reaction are necessary to produce significant pyrophosphorolysis.3 This possibility was eliminated by the finding that the incorporated deoxynucleotide is located exclusively at or near the ends of DNA chains.
3. De novo formation of chains containing exclusively the single deoxynucleotide is eliminated by the demonstrated phosphodiester linkage between the single deoxynucleoside triphosphate and each of the three other deoxynucleotides of thymus DNA.
4. Reaction of the single P32-deoxynucleoside triphosphate with the nonnucleoside end of the DNA chain'8 would not have resulted in the appearance of p32 in the three other deoxynucleotides of DNA when the product was hydrolyzed to 3'-deoxynucleotides.
The basis of a sensitive tool for analyzing the number and kinds of end-groups of a homogeneous DNA could be furnished by reacting such a DNA sample with a single deoxynucleoside triphosphate and then hydrolyzing the product to 3'-deoxynucleotides. Since nucleases which contaminate the purified enzyme could produce new ends or remove deoxynucleotides added in the reaction, extension of these studies in this direction must await further purification of the enzyme.
What is the pertinence of this reaction between DNA and a single deoxynucleoside triphosphate to the extensive DNA synthesis observed when all four deoxynucleoside triphosphates are present? It appears likely that it is the same highly purified E. coli enzyme which is responsible for both reactions. One possibility is that the reaction between DNA and a single deoxynucleoside triphosphate may actually be the first step in the over-all process of enzymatic replication of the DNA primer; then the terminal replicating chain, formed when four deoxynucleoside triphosphates are present, would loop back, in order to orient itself along the primer chain. It is conceivable that such loops could be produced by the rotation of a very few deoxynucleotide units and could be dissipated at a later time by nuclease action. Another possibility is that the reaction between DNA and a single deoxynucleoside triphosphate is merely part of the extension of the shorter of two unequally long chains of a DNA double helix and is not directly related to the replication of intact DNA molecules. In this event replication of DNA would not involve a covalent binding between the primer and the replicating chain; instead, the deoxynucleoside triphosphates would first form hydrogen bonds to corresponding deoxynucleotides of the primer chain and would then polymerize. It is evident that more must be learned about the chemistry of the DNA primer itself as well as about these enzymatic reactions before these questions of mechanism can be answered. SUMMARY 1. The reaction between deoxyribonucleic acid (DNA) and a single radioactive deoxynucleoside triphosphate resulted in a product whose radioactivity sediments at the same rate as the average DNA molecules; this finding indicates that the deoxynucleotide had become incorporated into molecules which have the same size as DNA.
2. Hydrolysis of the product to 3'-deoxynucleotides demonstrated the formation of 3',5'-phosphodiester linkages between the deoxynucleoside end of a DNA chain and the added deoxynucleotide. These studies further showed that only one or a very few molecules of the single deoxynucleoside triphosphate reacted with the end of each chain.
